Abstract Cardiac and arterial baroreflex control of the circulation is abnormal in both human and experimental heart failure. Ventricular vagal afferents mediate mechanical and chemical reflexes, which result in bradycardia and hypotension. The aim of the present study was to evaluate the changes that occur in ventricular mechanoreflexes and chemoreflexes in a conscious canine model of chronic heart failure. Dogs were instrumented for the measurement of left ventricular pressure, left atrial pressure, arterial pressure, and heart rate. Vascular occluders were placed on the ascending thoracic aorta, on the descending thoracic aorta, and on the thoracic inferior vena cava. A chronic left circumflex coronary artery catheter was also implanted. Finally, a pacing lead was secured to the left ventricular free wall. After recovery from surgery (10 to 14 days), the dogs were subjected to complete arterial baroreceptor denervation. The responses to vascular occlusions and intracoronary administration of prostacyclin (PGI2) were carried out before and after heart failure was induced by chronic cardiac pacing at 250 beats per minute. PGI1 was used as a chemical stimulus for ventricular afferents; ascending aortic occlusion was used as a mechanical stimulus. crease in heart rate of 36.1 + 12.3 beats per minute (mean+SD, P<.001). After heart failure was induced, the heart rate response to ascending aortic occlusion was almost completely abolished. The slope of the linear relation between pulse interval and left ventricular end-diastolic pressure was reduced by 90.5% from a control value of 11.3±6.9 ms/mm Hg after heart failure had been induced. In three dogs, the bradycardia had returned after cessation of the pacing. On the other hand, there was no change in the response to intracoronary PGI2 after heart failure had been induced. The primary effect was a leftward shift in the PGI2 and heart rate doseresponse curve in the heart failure state. At the midrange dose, which averaged 9.5 +6.7 ng/kg, heart rate was reduced by 9.6+10.4 beats per minute before pacing versus 36.0±8.9 beats per minute after heart failure (P<.05). Because there were directionally different changes in heart rate evoked by mechanoreflexes and chemoreflexes in heart failure, it is suggested that the change in these reflexes is not mediated by abnormal efferent vagal function but rather by alterations in different types of ventricular vagal afferents. (Circ Res. 1994;74:262-270.) Key Words * cardiac reflex * heart rate * vagus . cardiac pacing * prostaglandins which a Tris buffer was infused into the left circumflex coronary artery or when either prostacyclin (PGI2), PGE2, or arachidonic acid was infused into the left circumflex coronary artery or into a peripheral vein.9 All three agents caused a significant depression in the maximum heart rate (HR) achieved during inflation of the vena caval occluder as well as a significant decrease in the slope of the arterial pressure (AP)-HR relation. Application of a local anesthetic to the pericoronary area prevented the prostanoid inhibition of the baroreflex.
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Abstract Cardiac and arterial baroreflex control of the circulation is abnormal in both human and experimental heart failure. Ventricular vagal afferents mediate mechanical and chemical reflexes, which result in bradycardia and hypotension. The aim of the present study was to evaluate the changes that occur in ventricular mechanoreflexes and chemoreflexes in a conscious canine model of chronic heart failure. Dogs were instrumented for the measurement of left ventricular pressure, left atrial pressure, arterial pressure, and heart rate. Vascular occluders were placed on the ascending thoracic aorta, on the descending thoracic aorta, and on the thoracic inferior vena cava. A chronic left circumflex coronary artery catheter was also implanted. Finally, a pacing lead was secured to the left ventricular free wall. After recovery from surgery (10 to 14 days), the dogs were subjected to complete arterial baroreceptor denervation. The responses to vascular occlusions and intracoronary administration of prostacyclin (PGI2) were carried out before and after heart failure was induced by chronic cardiac pacing at 250 beats per minute. PGI1 was used as a chemical stimulus for ventricular afferents; ascending aortic occlusion was used as a mechanical stimulus. Before chronic pacing, ascending aortic occlusion resulted in a de-T nhe myocardium is richly innervated by sensory nerve endings whose axons traverse both vagal and sympathetic pathways. These nerve endings respond to a variety of sensory modalities that can be classified as either mechanically or chemically sensitive. Under some circumstances, endings may respond to both mechanical and chemical stimuli.' Left ventricular vagal afferents are thought to mediate the BezoldJarisch reflex,2-4 which causes a bradycardia and hypotension that are primarily due to cardiac vagal activation and withdrawal of peripheral sympathetic tone.3 It has now been clearly shown that the Bezold-Jarisch reflex can be activated by endogenous substances such as prostaglandins (PGs),5'6 bradykinin,7 and serotonin.8
Activation of ventricular vagal afferents not only results in hypotension and bradycardia but also causes an attenuation of the arterial baroreflex. In studies carried out in this laboratory, we have demonstrated an important and potent effect of cardiac PGs on the expression of the arterial baroreflex under a variety of conditions. In conscious instrumented dogs, we constructed baroreflex curves using implanted vascular occluders. These curves were carried out under control conditions in which a Tris buffer was infused into the left circumflex coronary artery or when either prostacyclin (PGI2), PGE2, or arachidonic acid was infused into the left circumflex coronary artery or into a peripheral vein.9 All three agents caused a significant depression in the maximum heart rate (HR) achieved during inflation of the vena caval occluder as well as a significant decrease in the slope of the arterial pressure (AP)-HR relation. Application of a local anesthetic to the pericoronary area prevented the prostanoid inhibition of the baroreflex.
Because these reflexes are so potent under normal conditions, it is of interest to determine whether these cardiac reflexes behave differently in states in which the myocardium is either chronically dilated or hypertrophied. Studies carried out in anesthetized dogs with congestive heart failure suggest that the cardiac mechanoreflex is significantly blunted in this state.'0-12 These studies were carried out in dogs with all reflexes intact. There have been no studies that have compared cardiac mechanoreflexes with cardiac chemoreflexes in heart failure. In a preliminary report, Hintze et a16 have demonstrated that the intravenous injection of PGI2 caused, in intact conscious dogs, a hypotension and bradycardia that were potentiated by pacing-induced heart failure. 6 The aim of the present study was therefore to determine whether the cardiac mechanoreflex and the cardiac chemoreflex are altered in pacing-induced heart failure in conscious dogs. This question is important because (1) these reflexes may have potent effects on the regulation of sympathetic outflow in heart failure and (2) cardiac chemoreflexes may be activated during coronary ischemia13'14 either with or without heart failure. The integrated effects of these two reflexes may determine, in part, the changes in sympathetic outflow that occur in chronic heart failure.
Materials and Methods Animals and Surgical Preparation
All experiments were carried out on healthy adult mongrel dogs of either sex, averaging 25.3 ±2.2 kg in weight. Dogs were housed in large indoor runs and were conditioned to a 12-hour light cycle. They were fed a combination of dry and canned dog food once per day and were allowed water ad libitum.
Thoracic surgery was performed under sterile conditions in the University of Nebraska Medical Center Animal Facility. All surgical and experimental procedures were approved by the University of Nebraska Medical Center IACUC. These surgical procedures have been previously described in detail. 15 In brief, dogs were anesthetized with pentobarbital sodium (30 mg/kg IV) and intubated. They were placed on a positivepressure respirator (Harvard Apparatus). A left thoracotomy was performed through the fifth intercostal space. Instrumentation consisted of placing perivascular occluders on the ascending thoracic aorta just above the aortic valve, on the descending thoracic aorta, and on the thoracic inferior vena cava just above the diaphragm. These occluders were used to alter intracardiac pressures and to test for baroreflex denervation after sinoaortic denervation (SAD). Tygon catheters were implanted in the descending thoracic aorta above the occluder for the measurement of AP, in the left ventricle for the measurement of left ventricular pressure (LVP), and in the left atrium for the measurement of left atrial pressure (LAP). A silastic catheter was placed in the left circumflex coronary artery using a modified technique as described by Herd and Barger.16 This catheter was used for the administration of PGs into the coronary circulation. Finally, a pacing electrode was secured to the left ventricular free wall (model 6917T, Medtronics). All catheters and wires exited the chest and were tunneled beneath the skin. The catheters exited in the midscapular region. The pacing electrode was left under the skin until the pacemaker was implanted. The chest was closed in layers and evacuated. Dogs were placed on an antibiotic regimen of Combiotic (0.5 mL/kg) for 5 days after surgery. If, after this time, a fever was evident, the dogs were treated with either Amikin (7.5 mg/kg) or Keflex (1 g) for an additional 5 days. Experiments were carried out on dogs that were eating and drinking normally and had rectal temperatures <103lF. Animals were allowed to recover for -2 weeks before the initial experiment was performed. During this time, they were trained to lie quietly on a laboratory table in a dimly lit room.
Sinoaortic Denervation
The dogs were anesthetized with pentobarbital sodium (30 mg/kg IV). Under sterile conditions, the carotid sinus nerves were isolated and sectioned. The carotid sinus, common carotid, and internal and external carotid arteries were stripped of their adventitia for =1 cm above and below the carotid bifurcation. These vessels were then painted with 10% phenol in alcohol to ensure complete denervation. The vagal sheaths were opened, and the sympathetic trunks were separated from the vagi at the level of the nodose ganglia. The aortic depressor nerves were ultimately identified by recording their characteristic activity. The aortic depressor nerves were then sectioned. The neck was then closed, and the dogs were allowed to recover for 7 to 10 days before the next experiment was performed. During this recovery period, the dogs were brought into the laboratory several times to evaluate the completeness of the SAD. The vena caval and descending aortic occluders were inflated to lower and raise pressure in the aortic arch. The change in HR during these maneuvers was used as an index of the adequacy of SAD. Dogs that demonstrated changes in HR in either direction of >10 beats per minute with changes in aortic pressure of 40 to 50 mm Hg were considered not denervated. All dogs in the present study met the above criteria.
Induction of Heart Failure
After the pre-heart failure studies were complete, a pacemaker was implanted for chronic pacing. Dogs were sedated with acepromazine (0.3 mg/kg IM). Under local anesthesia, the pacing lead was retrieved from beneath the skin. It was attached to a Medtronics pacemaker (model 5985 or 8329), which was placed beneath the skin on the back. These pacemakers were modified by us or by Medtronics to pace in the temporary mode at rates substantially higher than their capability in the permanent mode. Using a programming unit (model No. 9710), we determined the minimum voltage and pulse duration for capturing the ventricle. The technique of producing chronic congestive heart failure was that originally described by Coleman et al. 17 The pacing rate was set at 250 beats per minute, and the dogs were continuously paced until signs of severe congestive heart failure were evident. The dogs were examined daily, and hemodynamic measurements were made weekly. The criteria used for concluding that a dog was in heart failure were a mean LAP and a left ventricular end-diastolic pressure (LVEDP) of >20 mm Hg and a resting HR of > 120 beats per minute. In addition, pulmonary edema was assessed by auscultation, and ascites was evaluated by visual inspection. All dogs in heart failure exhibited dyspnea at rest and an exercise intolerance that was determined by a reduced ability of the dogs to walk from the kennel area to the laboratory (-0.5 km) compared with their prepacing state. All hemodynamic measurements were made with the pacemaker programmed to the inhibit mode (pacemaker turned off and no pacing artifact) within 15 minutes after turning the pacemaker off.
Data Acquisition
All pressures were recorded with Hewlett-Packard pressure transducers (model 1270A) attached to Honeywell signalconditioning amplifiers (model 143) and were recorded on an eight-channel Hewlett-Packard recorder (model 7758 A). HR was derived using a Honeywell cardiotachometer (model 133) that was triggered by the LVP pulse wave. All signals were fed to a Buxco hemodynamics analyzer, where the analog signals were digitized and displayed on a scrolling monitor. All recordings were stored on optical disk and could be played back for later analysis.
Experimental Protocols

Cardiac Mechanoreflex
All experiments were conducted with the pacemaker turned off and in the inhibit mode. Before pacing and with dogs in the SAD state, the ascending aortic occluder was inflated to raise LVP and LAP. The HR response to this intervention was recorded. In addition, the effect of lowering intracardiac pressures during inflation of the vena caval occluder was also examined. The occluders were inflated until AP fell to levels of 20 to 30 mm Hg (=10 seconds), at which time they were rapidly deflated, and pressure immediately returned to near control levels. This maneuver did not appear to cause any signs of significant distress or discomfort to the dogs. This maneuver was repeated at weekly intervals during pacing. In three dogs, the responses to ascending aortic and vena caval occlusion were assessed after discontinuing pacing and allowing the dogs to recover for several weeks. The response to descending aortic occlusion was also determined. 
Cardiac Chemoreflex
With the pacemaker turned off, stimulation of left ventricular afferents was carried out by the intracoronary injection of PGI2 in doses that varied between 1 and 100 ng/kg. These doses produced no or very small effects when given intravenously. The effects of these injections on HR and AP were determined when the dogs were in the SAD state before pacing was started and when the dogs were in severe heart failure as determined by the criteria outlined above. In addition, three SAD dogs were sham-operated. These dogs had intracoronary injections of PGI2 separated by 3 to 4 weeks without being paced.
Data Analysis
For mechanoreflex responses, the maximum change in HR in response to each occlusion was determined directly from the strip-chart recordings. In addition, the relation between LVEDP and the change in HR (plotted as pulse interval) during ascending aortic occlusion was determined on a beatto-beat basis during the occlusion from the stored data.
For chemoreflex responses, the maximum changes in HR and AP were determined from the strip-chart recordings. Each dog seemed to operate on a slightly different dose-response curve for PGI2. Therefore, the doses were classified as high, medium, or low according to whether they were maximal, midrange, or threshold responses, respectively. The response to the average dose at each level was plotted as the log dose versus the maximum change in HR.
The change in HR in response to vascular occlusions was analyzed by a two-way ANOVA in which the changes to occlusions were determined in both the prepaced and postpaced states. A similar analysis was performed for the PGI2 dose-response curves. When statistical significance was found, post hoc analysis was performed by use of the Newman-Keuls test. The change in hemodynamic parameters after induction of heart failure was analyzed using a paired t test. Statistical significance was assumed at P <.05. All data are presented as mean±SD.
Results
Hemodynamics in Heart Failure and Sinoaortic Denervation
A total of eight dogs were studied before pacing and after pacing-induced heart failure. The average duration of pacing was 25.0±+9.7 days. Table 1 shows hemodynamic variables taken at rest before and after heart failure. Baseline HR tended to be higher after SAD. Although mean arterial pressure (MAP) was not significantly increased after SAD, HR was significantly elevated to 116.6+20.0 beats per minute. Before SAD, these dogs had HRs averaging 87.3+16.4 beats per minute. After heart failure was induced, HR was observed to increase to 142.6± 24.0 beats per minute. SAD did not alter any other hemodynamic parameter. The variability in AP as indicated by the standard error of the mean was greater in the SAD state. There was a significant increase in LVEDP, LAP, and MAP after pacing in these SAD dogs. Left ventricular dp/dtm. was reduced by 47.5% after pacing. In addition to the hemodynamic changes, clinical signs of heart failure were evident after pacing. These included pulmonary edema, ascites, and exercise intolerance, although all signs did not appear in every animal. 36.1± 12.3 beats per minute during ascending aortic occlusion despite a significant fall in AP and a large increase in LAP. After pacing, when the dogs were in stable heart failure, ascending aortic occlusion failed to evoke a significant change in HR. The response to ascending aortic occlusion was abolished at week 1 (early period) and remained blunted until the final heart failure experiment was carried out. Table 2 shows baseline HR, MAP, and LAP before and at each stage of pacing. Note that HR and LAP increased progressively over this time, whereas MAP was maintained. In the three dogs in which the pacemaker was turned off and recovery was allowed, the response to ascending aortic occlusion (ie, the bradycardia) returned, even though the LAP and LVEDP had not returned to control levels. In three SAD nonpaced dogs, ascending aortic occlusion evoked bradycardia, which was not changed over a 4-week period. Stimulation and exogenous substances that include PGs, bradykinin, serotonin, and veratridine. Chemosensitive ventricular reflexes not only mediate hypotension and bradycardia but also inhibit the arterial baroreflex control of both HR and sympathetic nerve activity.9,20
The data presented in the present are, to our knowledge, the first to demonstrate abnormalities in cardiac reflexes in conscious dogs after SAD. Mechanoreflex responses (ie, the HR response to ascending aortic occlusion) were almost completely abolished after 1 week of ventricular pacing. The mechanism for the recovery response is not completely clear. Although, in the three dogs that were allowed to recover, the LAP was 10.7+1.2 mm Hg, which was significantly higher than in the prepaced group (3.8±2.5 mm Hg), it was also significantly lower than in the paced group (27.2+7.7 mm Hg). It is possible that the LAP and the LVEDP were slightly elevated during recovery because of sustained ventricular remodeling21 but that heart size returned to near normal. On the other hand, the HR response to intracoronary injection of PGI2 was not attenuated. Although the AP responses to intracoronary PGI2 were not different in the heart failure state, this is difficult to interpret because of direct vascular effects of PGI2 and the fact that vascular reactivity is altered in heart failure. 22 chronically increased in the heart failure state is LVEDP. This could result in blunting of the afferent discharge sensitivity or resetting of the pressure-discharge relation much the same as has been shown to occur for atrial receptors.18 Recent data from our laboratory have shown that the depression of carotid sinus baroreceptor discharge in pacing-induced heart failure is likely due to augmentation of Na+,K+-ATPase activity.29 Although we cannot provide evidence for this, it is possible that a similar mechanism may be operating to blunt ventricular mechanoreceptor discharge sensitivity in heart failure.
Since the HR response to intracoronary PGI2 was maintained or enhanced in heart failure, it is unlikely that there was a generalized depression of receptor sensitivity. shown that an intracoronary injection of radiocontrast agent evoked a bradycardia that was blunted in patients with heart failure and abolished after cardiac transplantation. The differences between this study and the present study are not readily apparent. One possible difference is the stimulus used in the two studies. Radiocontrast agents tend to be hyperosmotic and may stimulate both chemosensitive and mechanosensitive receptors, whereas PGI1 primarily stimulates chemosensitive afferents.
Although it is certainly possible that the blunted ventricular mechanoreflex, along with the blunted arterial baroreflex, contributes to the elevation in sympathetic tone in heart failure, this may be offset to some degree by the augmented chemoreflex. It is clear that sympathetic nerve activity is elevated in heart failure. 47 Although baroreflex function is depressed in this disease state, there are no definitive data to link these two findings to a cause and effect relation. If the blunted baroreflex is, indeed, a cause for the altered sympathetic tone in heart failure, then the ventricular mechanoreflex may contribute to this phenomenon. Alternatively, "sympathetic afferent' reflexes are also stimulated by prostanoids. 48 It is possible that augmentation of these reflexes contributes to increases in sympathetic tone in heart failure.
The physiological significance of the responses reported here is of some concern. The weight of the evidence suggests that reflexes emanating from ventricular chemoreceptors and mechanoreceptors do not operate as sensitive controllers of cardiovascular or humoral function.19 It appears that these reflexes are called into play during pathological conditions such as severe cardiac distension, ischemia, or heart failure. Although we could demonstrate bradycardia in response to ascending aortic occlusion at relatively low levels of LVEDP (Fig 2) , most of the animals showed responses when LVEDP was raised beyond the physiological range.
